Scenedesmus obtusiusculus AT-UAM, isolated from Cuatro Ciénegas wetlands in Mexico was taxonomically, molecularly and biochemically compared to S. obtusiusculus CCAP 276/25 (Culture Collection of Algae and Protozoa, Scotland, UK). Analysis of Internal Transcribed Spacer 2 (ITS2) secondary structures confirmed that the mexican strain belongs to S. obtusiusculus with one change in the ITS2 nucleotide sequence. However, both strains exhibited different biochemical and fatty acid profiles and therefore biotechnological potential, emphasizing the need for deeper studies among strains of the same species. Furthermore, the biochemical variations of S. obtusiusculus AT-UAM under nitrogen starvation and different levels of irradiance were evaluated. The maximum lipid production (1730 mg L −1 ) was obtained at 613 μmol m −2 s −1 while the highest carbohydrate content (49%) was achieved at 896 μmol m −2 s −1
Introduction
Microalgae are important biological resources with a wide range of biotechnological applications. Some of them are green microalgae such as Chlorella, Dunaliella and Scenedesmus, the last belonging to Scenedesmaceae which currently include 43 recognized genera [1, 2] . The Scenedesmus Meyen genus is pleomorphic and often overrated [3] . The main morphological characteristics to recognize Scenedesmus cells are the straight or slightly curved laminar coenobia in which the cells are generally arranged in one or two lines. Currently, the green microalgae classification is continuously relocating these taxa, since it only considers the morphological characteristics due to few molecular sequences available [4] . Likewise, Scenedesmus taxonomy does not include the cryptic species belonging to taxon in which only the nucleotide sequence differences can be observed, while morphology is indistinguishable. Although microalgae have been studied as source for biofuel and chemical production [5] , little attention has been paid to the taxonomic issues of the involved species. In this context, Wynne and Hallan [6] have recently reinstated Tetradesmus genus. Hegewald et al. [1] characterized some taxa of Scenedesmaceae morphologically and molecularly, nevertheless, native Scenedesmus strains still need to be characterized.
The S. obtusiusculus AT-UAM strain was isolated from the wetlands of Cuatro Ciénegas, Mexico, located in the center of the Chihuahua desert valley [7] . This microalga was studied for its capacity to store lipids (up to 55.7%) and for the CO 2 tolerance (10% of CO 2 v/v). Furthermore, the optimal conditions for growth and lipid production under nitrogen starvation were recently determined by photosynthetic activity assays [8] . However, the biochemical composition of microalgae may vary as a result of different irradiance levels, photoacclimation and other environmental conditions. In photoacclimation processes, microalgae undergo dynamic changes in cell composition (ultrastructural, biophysical and physiological) in order to increase the rate of photosynthesis. Therefore, some authors have reported the increase in lipid and carbohydrate content and changes in the fatty acid profile at different irradiances [9] . In this context, understanding the effect of culture conditions, mainly irradiance, on the biochemical composition (lipids, carbohydrates and proteins) of microalgae may lead to the development of suitable biofuel production processes, if the optimum conditions are applied.
This work aims to compare two strains of S. obtusiusculus by DNA (specifically the ITS region) and biochemical analysis considering the morphological similarity among Scenedesmus sensu lato and a presumed difference in their biofuel production potential. Moreover, the composition of carbohydrates, lipids and fatty acids of S. obtusiusculus AT-UAM at different irradiances under nitrogen starvation was evaluated in order to determine the best conditions for biofuel production.
Materials and methods

Taxonomic characterization of S. obtusiusculus strains
Scenedesmus obtusiusculus AT-UAM deposited at the IZTA herbarium (IZTA 1830) and S. obtusiusculus CCAP 276/25 (Culture Collection of Algae and Protozoa, Scotland, UK) were cultured in petri dishes with solid BG11 medium (10 gL −1 of Noble Agar, A5431 Sigma-Aldrich).
BG11 medium composition was in g L ). The morphological identification of S. obtusiusculus AT-UAM was previously reported by Toledo-Cervantes et al. [7] . Electron microscopic analyses were done according to Del Castillo et al. [10] , whereas scanning electron microscopic (SEM) and transmission electron microscopic (TEM) observations provided more detailed information about morphological features, size, shape and arrangement of organelles.
Molecular characterization of S. obtusiusculus strains
The genomic DNA of S. obtusiusculus AT-UAM and S. obtusiusculus CCAP 276/25 were extracted using the Ultran Clean Plant DNA Isolation kit (MoBio laboratories) according to the manufacturer's instructions. The 18S rDNA gene was amplified by polymerase chain reaction (PCR) using the forward SSU1 (5′TGG TTG ATC CTG CCA GTA-3′) and reverse SSU2 (5′TGA TCC TTC CGC AGG TTC AC-3′) primers. The ITS and ITS2 regions and 5.8S genes were amplified using the forward ITS 1800 (5′-ACC TGC GGA AGG ATC ATT G -3′) and reverse ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′) primers. PCR products were sequenced in a 3130XL Applied Biosystem-Hitachi sequencer. The alignment of the respective 18S rRNA, 5.8S and ITS2 gene sequences and the analysis of similarity were completed with Basic Local Alignment Search Tool (BLAST) in the GenBank database of the National Center for Biotechnology Information. Phylogenetic tree based on ITS2 (248 bp) was constructed by Geneious program using the Jukes-Cantor model with 10,000 repetitions and the Neighbor-joining method. ITS sequence-structure analyses were carried out according to Schultz and Wolf [11] using the ITS2 Database (http://its2.bioapps. biozentrum.uni-wuerzburg.de). A BLAST search in the web interface of the ITS2 database was performed to identify sequence-structure pairs [12] . Global multiple sequence structure alignments were generated by remote 4SALE alignment which synchronously align the sequence and secondary structure using an ITS2-specific scoring matrix [13] and structure viewers as was implemented in 4SALE [14] . Finally, consensus ITS2 secondary structures were constructed using the Inkscape software (https://inkscape.org/es/).
Photobiorectors: inoculation and operation conditions
S. obtusiusculus AT-UAM and S. obtusiusculus CCAP 276/25 were individually cultured in 1 L bubbled columns (10 cm diameter and 20 cm height) supplying a 5% CO 2 -air mixture at a flow rate of 1.5 L min −1 through a stainless-steel diffuser placed at the bottom. The photobioreactors were autoclaved prior to inoculation and the CO 2 -rich gas stream was filtered (0.22 μm pore size air filter) to avoid crosscontamination.
For the biochemical comparison of Scenedesmus strains, the photobioreactors were placed into a temperature control chamber (25°C) with fluorescent light tubes providing an irradiance of 96 μmol m −2 s −1
. The reactors were inoculated with microalgae colonies obtained from petri dishes and operated during 8 days.
Indoor and outdoor experiments under nitrogen starvation were carried out by inoculating a specific microalgae culture volume of S. obtusiusculus AT-UAM according to the biomass concentration set (250, 500 and 1000 mg L
−1
). The inoculum was pre-washed (centrifuged at 4000 rpm for 10 min and washed twice with distilled water) to ensure the absence of nitrogen in the cultivation broth. N-free 2x BG11 medium was used to guarantee no other nutrient limitation. 
Biochemical characterization of S. obtusiusculus strains
The biochemical comparison was carried out by culturing both strains in the bubbled columns as described before (See Section 2.3). After 8 days of cultivation, the biomass concentration was measured by dry weight. The biochemical profile was determined by spectrophotometric and fluorescent methods and the fatty acid methyl esters (FAMEs) profile by GC-FID analysis (see Section 2.6). At the end of the experimental period, the total biomass was recovered by centrifugation and oven-dried (60°C) to determine the total lipid content by direct extraction with hexane and the inorganic fraction by incineration.
Effect of irradiance on the biochemical composition of S. obtusiusculus AT-UAM strain
The effect of irradiance was evaluated following two approaches: 1) At different initial biomass concentrations to study the effect of the selfshading that modifies the internal irradiance and, 2) at different levels of external irradiance; both were assayed under nitrogen starvation. Accordingly, S. obtusiusculus AT-UAM was cultivated indoor and outdoor as described in Table 1 . The experiments were carried out in the photobioreactors described in Section 2.3. An aliquot of 5 mL was taken daily to quantify the biomass concentration and the biochemical composition by spectrophotometric methods. At the end of the experimental period, the composition of FAMEs, ashes and the total lipid content were determined asdescribed in Section 2.6. 
Analytical methods
Biomass concentration was determined at 665 nm by correlation with a reference curve constructed with optical density (OD) versus grams of algal biomass per liter. Carbohydrate content was determined by a modified phenol-sulfuric acid method [15] . A mixture of 5 mL of 1 M H 2 SO 4 and 1 mL of cultivation broth was sonicated for 20 min. Afterwards, the sample was boiled for 20 min and centrifuged for 20 min at 4000 rpm. A volume of 0.5 mL of supernatant was mixed with 0.5 mL of a 5% phenol solution and allowed to rest for 40 min, 2.5 mL of concentrated H 2 SO 4 were then added. The OD was read at 485 nm and compared to a D+ glucose calibration curve.
Protein content was measured by a modified Lowry method [16] . A mixture of 1 mL of NaOH 0.2 N and 1 mL of cultivation broth was boiled for 20 min and centrifuged for 20 min at 4000 rpm. The supernatant was analyzed by following the manufacture's protocol of the Bio-Rad protein assay kit. The OD was read at 750 nm and compared to a bovine serum albumin calibration curve. Chlorophyll was extracted with methanol (90%) and analyzed as described by Toledo-Cervantes [7] .
Daily lipid content was determined by Nile red staining (N3013, Sigma Aldrich). A sample of 20 μL of cultivation broth was mixed with 100 μL of dimethyl sulfoxide and stirred for 1 min. The mixture was heated in a microwave oven (100% power 1650 W) for 50 s, 20 μL of Nile Red solution (0.25 mg L −1 in acetone) and 860 μL of distilled water were then added. The resulting mixture was stirred for another minute and heated again for 60 s and allowed to stand for 10 min in the dark. The total volume was then transferred to a 2 mL vial containing 1 mL of distilled water and analyzed in a fluorometer (Turner Designs Instrument model 7200-000, Sunnyvale CA, USA). Excitation and emission band on the equipment were set at 485 and 585 nm, respectively. Data (Reference Fluorescent Units, RFU) were compared to a calibration curve constructed as RFU versus grams of lipids obtained from microalgae by direct extraction with hexane (Soxhlet method) [7, 8] .
For total lipid analysis, the biomass was recovered by centrifugation and oven dried; afterwards, it was pulverized in a mortar, and sieved at 1 mm mesh. Hexane was used to extract the lipids for 8 h in Soxhlet extraction system at a drop rate of 4 drops per second. The lipid fraction was determined gravimetrically after nitrogen-drying of the extracted lipids. The FAMEs profile was determined by gas chromatography prior to acid derivatization using a mixture of 1 mL of dichloromethane and 2 mL of methanol/HCl (4:1 v/v) and heating at 110°C for 6 h. A gas chromatograph (HP6890, Agilent Technologies) equipped with a flame ionization detector and a 30 m long capillary column (AT-FAME, No. 12436 Alltech) with an internal diameter of 0.25 mm and 0.25 μm film thickness was used. The injection volume was 2 μL with a split ratio of 100:1. Helium was used as carrier gas at a flow rate of 20 cm s . The injector and detector temperatures were set at 250°C while a gradient temperature program was set in the oven. The initial oven temperature was 140°C for 5 min, then increased to 220°C at a rate of 5°C min −1 and held for 4 min then increased from 220 to 240°C at a rate of 2°C min −1 , and finally held for 5 min at 240°C. A mixture of 37 FAMEs at a concentration of 10 mg mL −1 in dichloromethane was used as standard (Supelco, Catalog No. 18919-1AMP). The inorganic content in the dried-biomass (ashes) was determined gravimetrically after incineration at 490°C for 6 h.
Results and discussion
Taxonomic and molecular characterization of Scenedesmus obtusiusculus strains
The taxonomic characteristics of both strains exhibited similar features to those reported by Chodat [17] and Toledo-Cervantes et al. [7] ( Table S1 , Supplementary materials).
Microalgae included in the genus Scenedesmus Meyen have been recurrently reclassified into diverse subgenera over the years (See Supplementary materials for a brief history). In this context, taxonomic issues of Scenedesmaceae have been successfully solved by studying the nuclear regions 18S rDNA, 26S rDNA [18] , ITS2 [19] [20] [21] and the combined information of 18S and 26S chloroplast genes-atpB. Nonetheless, debate over classification of several taxa continues. Acutodesmus has been recently transferred to Tetradesmus due to its priority over Acutodesmus (E. Hegewald) P. M. Tsarenko [6] .
In this study, analysis of the 18S rDNA sequence of S. obtusiusculus AT-UAM (GenBank accession no. KJ808697.1) was compared with the data available in GebBank. However, there were no sequences for S. obtusiusculus strains found and data were not enough to unambiguously separate the related species, finding 99% similarity to Tetradesmus incrassatulus CCAP 276/43 by analyzing 1677 bp.
Detailed analysis of the ITS region of the closest species (i.e. Tetradesmus incrassatulus CCAP 276/43) and the acquired S. obtusiusculus CCAP 276/25 strain was then performed to determine the phylogenetic relation among the Scenedesmus species. The sequences obtained from the 5.8S partial sequence, ITS2 complete sequence and 28S rDNA partial sequence of S. obtusiusculus AT-UAM, S. obtusiusculus CCAP 276/25 and T. incrassatulus CCAP 276/43 were aligned. Fig. 1 shows the phylogenetic tree based on ITS2 rDNA sequences of the Scenedesmus species constructed with 248 bp. The S. obtusiusculus AT-UAM (GenBank accession no. KJ808697.1) and S. obtusiusculus CCAP 276/25 (GenBank accession no. KP318981.1) were located in the same clade, independent of T. incrassatulus CCAP 276/43 (GenBank accession no. FR865722).
The analysis of the ITS2 sequences and the secondary structure showed a typical characteristic of eukaryotes: four helices, being the third the largest and containing the UGG and GGU motifs (Fig. 2) . Moreover, five changes in the alignment of the sequences were detected: 1) in the position 243, 2) in helix I position 31, 3) in helix II position 57, 4) in helix II position 111, and 5) in helix III position 145. The latest change corresponds to S. obtusiusculus AT-UAM in which the nucleotide G* modified the canonical interaction A-U of the secondary structure.
The analyzed taxa showed twice the G•U interaction in helix I, 9 times in helix II and 8 times in helix III. Furthermore, among nucleotides 51 and 111 a canonical interaction between A and T was established (helix II). Conversely, T. incrassatulus CCAP 276/43 did not present the interaction whereby in position 111 the nucleotide U was replaced by A and, consequently, the helix structure was modified. Positions 57 and 96 belonging to T. incrassatulus CCAP 276/43 also produced an internal buckle while S. obtusiusculus, T. naegelii and T. obliquus kept a G•U interaction. At this point, it must be highlighted that S. obtusiuculus AT-UAM showed a base pairing G•U in positions 145 and 186 of helix III while the sequences of the analyzed taxa presented a canonical pairing A•U. These results confirmed the phylogenetic tree topology (Fig. 1) and remarked the structural differences between the T. incrassatulus CCAP 276/43, S. obtusiusculus CCAP 276/25 and S. obtusiusculus AT-UAM.
Biochemical composition of S. obtusiusculus strains
Despite the taxonomic similarities, the molecular difference of both strains was supported by different biochemical and fatty acid profiles depicted in Table 2 . S. obtusiusculus CCAP 276/25 stored a high amount of carbohydrates (∼43%), which was corroborated by TEM observation as white starch granules (Table S1 , Supplementary materials). In contrast, S. obtusiusculus AT-UAM showed a high content of proteins (∼51%) related to the low content of carbohydrates (∼18%) and lipids (∼19%).
Although the global lipid content was similar in both strains, the fatty acid composition was different. The FAMEs composition of S. obtusiusculus AT-UAM was in the range of C16 to C18, which might have commercial applications (Table 2 ). For instance, palmitic acid 
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Biotechnology Reports 17 (2018) [16] [17] [18] [19] [20] [21] [22] [23] (C16: 0) is preferred in the production of biofuels (biodiesel) and cosmetics; palmitoleic acid is applied in skin care products; oleic acid is a food supplement, drug excipient, emulsifier and solubilizer in aerosols [22] and the γ-linolenic acid (C18: 3n6) is an omega 6 fatty acid. In contrast, the fatty acid profile of S. obtusiusculus CCAP 276/25 had longchain polyunsaturated fatty acids (C16 to C23) such as omega 3 and 6 that are used as lubricants (C20: 1), feedstock for soaps, emulsifiers, beauty products and anti-inflammatory agents (C18: 2n6c). These results were not in agreement with the typical FAMEs composition reported for green algae in which only chain lengths in the range of C16 to C18 are expected, whereas long-chain fatty acids (> C20) are typically found in diatoms [23] and red algae [24] . However, some researchers have reported small quantities of fatty acids such as C20:0, C20:4. C23:0, C24:0 for Chlorella PY-ZU1 (a mutated strain) [25] and C20:0, C20:1n11, C20:5n3. C22:0, C22:1n9, C24:0 for Scenedesmus rubescens [26] when cultured under normal nutrition and combining nitrogen-phosphate deprived conditions, respectively. Higher concentration of C20:0 (Arachidic acid) around 7% was also reported for Chlorella sp., BUM11008 cultured under normal conditions and increased to 17% under N-deprived and up to 23% under N, K, P and Fe combination-deprived cultivation. Lignoceric acid (C:24) was also detected in a concentration of 27% of the total fatty acid composition under normal culture conditions and varying in the range of 0.7-30%
under the different element-deprivation culture conditions [27] ; however, no discussion about its presence was exposed. Therefore, the FAMEs composition of S. obtusiusculus CCAP 276/25 here reported, despite being unusual, might be the result of the macromolecular differences recorded, i.e. a single change in the ITS2 nucleotide sequence when compared to Scenedesmus obtusiusculus AT-UAM. The FAMEs composition of microalgae oil and the carbohydrate content are often used to evaluate the capacity of algae for biofuels production. However, the differences, here observed, allow concluding that no extrapolation of the biotechnological potential of microalgae should be done, since even strains of the same species can present different FAMEs profile when cultured under the same conditions.
Effect of irradiance on the biochemical composition of S. obtusiusculus AT-UAM under indoor and outdoor conditions
In order to explore the biotechnological potential of the native S. obtusiusculus strain, an exhaustive analysis of its capacity for producing carbohydrates and lipids was performed by culturing it under nitrogen starvation and different irradiances (154-896 μmol m −2 s −1 ).
S. obtusiusculus AT-UAM was able to store both carbohydrates and lipids under nitrogen starvation while decreasing its protein content at all irradiances tested (Fig. S1, Supplementary materials) . The accumulation of lipids and carbohydrates was observed during days 4 to 8 of cultivation (Fig. S2, Supplementary materials) . Klok et al. [28] have observed the accumulation of metabolites during the first hour or day after the culture was exposed to nitrogen starvation. A decrease in lipid accumulation rate was also observed after day 8. In this sense, there is a harvesting time for the target metabolite being the amount of a highvalue metabolite (e.g. grams of lipids or carbohydrates per liter of cultured broth) a function of the biomass concentration and the percentage contained in the cells.
At an initial biomass concentration of 250 mg L −1 , the final biomass concentration (X) of the cultures was ∼1000 mg B L −1 regardless of the irradiation supplied (Table 3 ). The increase in biomass concentration during nitrogen starvation has been observed on different microalgae species reaching up to 1.4-7.8 times the initial biomass concentration [29, 30] . Regarding to lipid storing, at an initial biomass concentration of 250 mg L −1 the maximum accumulation (55%) was obtained at
, and a maximum lipid content (Y) of 500 ± 10 mg L L −1 (Table 3 ). In contrast, the maximum percentage of carbohydrates (49%) was observed at 896 μmol m −2 s −1 showing a carbohydrate productivity (P CH ) of 280 ± 20 mg CH L Table 3 ).
The lipid fraction under this condition was mainly composed of oleic, palmitic and pentadecanoic acids (Table S2 , Supplementary materials), 12.0 ± 0.9 NF Arachidonic acid. C20:4n6 (%)
19.6 ± 1.1 NF Others (%) 13.9 ± 0.5 6.0 ± 0.3 Table 3 Lipid productivities, carbohydrates productivities, lipid content and final biomass concentrations obtained at different light intensities and initial biomass concentrations. ND stands for not determined. . These results were in agreement with that reported by Breuer et al. [31] , where low incident light intensity was most beneficial for triacylglycerol production. Similarly, no significant effect over the lipid content of S. obliquus CNW-N by the impinging irradiance was observed [9] . Thus, the correlation between irradiance and lipid content is usually species-specific [32] . Similar to what has been observed at 250 mg L . Therefore, no productivities were reported for 1000 mg L −1 due to the "crash" of the culture. This might be because of the combined effect of self-shading and high temperature observed (32°C), since the optimum temperature and irradiance for S. . The maximum lipid productivity, here observed, was lower than that reported by Cabello et al. [8] , who reported that S. obtusiusculus AT-UAM is capable of storing 340 mg L L
. However, this value highly depends on the photobioreactor configuration (flat panel reactor), the optimum operating parameters applied (28.5°C, pH of 5.5 and of 100 μmol m −2 s
) and the lack of self-shading effect. Table 3 shows the lipid content and lipid and carbohydrate productivities obtained at all biomass concentrations and irradiances tested. As can be seen, the lipid productivities of S. obtusiusculus AT-UAM were higher than the values reported for species such as: S. ob- [36] . Thus, S. obtusiusculus AT-UAM has a biotechnological potential for the production of biofuels, such as bioethanol, biodiesel, biogas or the so-called "drop in biofuels". The results here presented, showed that at higher initial biomass concentrations, a lower percentage of lipids was accumulated at an irradiance of 154 μmol m −2 s −1
. In contrast, an inverse behavior was observed at irradiances between 343 and 613 μmol m −2 s −1 . This might be caused by the self-shading effect where dense cultures are protected against high irradiance, which might damage the photosynthetic apparatus. In this context, Münkel et al. [30] have observed that the specific light availability, described as the impinging light to biomass concentration ratio (mol photons per gram of biomass) in a defined time interval, directly affects the lipid storage. In contrast, other authors have reported that irradiance has no effect on the content of carbohydrates, lipids and proteins, only on the chlorophyll content [37] . In this study, the irradiance effect was mainly observed through the decrease in intracellular nitrogen sources (proteins and chlorophylls) and the production of carotenoids. After two days of cultivation at all irradiances and initial biomass concentrations tested, the chlorophyll content was below the detection limit. Even though the excess of irradiance can cause damage in the photosystems, microalgae are able to resist and repair the photosystem II, as well as to reduce the oxidative stress by releasing heat [38, 39] .
The results obtained under outdoor conditions were consistent with those observed at indoors (Figs. 3 and 4) . The maximum accumulation of carbohydrates (40%) was obtained at an initial biomass concentration of 100 mg L . At this point, it must be highlighted regarding the FAMEs profile, up to date, there are not conclusive results about the effect of irradiance on lipid accumulation in microalgae; some authors have reported slight [40, 41] or high increase [42] in lipid content or change in the fatty acid profile [43] . S. obtusiusculus AT-UAM showed a composition of fatty acids relatively constant when cultured indoor at the best conditions (1000 mg L ) and outdoor conditions with > 75% of palmitic and oleic fatty acids (Fig. 4) .
Results allow establishing that S. obtusiusculus AT-UAM strain was able to grow under uncontrolled conditions such as temperatures between 13 and 35°C and irradiance up to 2064 μmol m −2 s −1 without affecting the lipid/carbohydrate production performance. However, from a biofuel production point of view, if a continuous culture of S. obtusiusculus AT-UAM is intended for carbohydrate production, a biomass concentration of ∼300 mg L −1 must be kept, while for lipid production it should be ∼1000 mg L −1 , provided that irradiance typical of tropic is available.
Conclusions
The specific identity of the S. obtusiusculus AT-UAM strain was confirmed by morphological and molecular analyses showing the A. Toledo-Cervantes et al.
Biotechnology Reports 17 (2018) [16] [17] [18] [19] [20] [21] [22] [23] relationship and differences with S. obtusiusculus CCAP 276/25. The different biochemical composition of both strains emphasized that the biofuel production potential of microalgae is not only species-specific but also strain-specific. The biochemical composition of S. obtusiusculus AT-UAM showed its potential to produce carbohydrates or lipids depending on the light availability in the cultivation broth with maximum lipid and carbohydrate accumulations of ∼50%. In addition, outdoor experiments showed the robustness of this strain for storing high-energy molecules.
